associated with deep gas or oil-bearing deposits (23) . 16S rRNA gene sequence comparisons revealed that taxa enriched in our 50°C experiments ( Fig. 3 ) are most closely related to bacteria from subsurface petroleum reservoirs or oil production facilities (94 to 96% similarity; table S3). Another source of thermophiles could be nearby mid-ocean ridge spreading centers ( fig. S1 ). Large volumes of fluids circulating through ocean crust (25) could transport cells away from warm anoxic niches in this seafloor habitat (26) and suspend them in abyssal currents. The closest relatives to the Arctic thermophiles also include an anaerobic thermophile isolated from deep, hot crustal fluid (94% similarity; table S3) (27) .
Petroleum-bearing sediments and fractured ocean crust both host anaerobic heterotrophic microbial communities (26, 28) . Areas of discharge connecting these habitats to the water column are widespread, and both processes expel large volumes of fluid into the oceans (23, 25) . A combination of different point sources could explain the diversity and distribution of thermophilic taxa in Arctic sediments ( Fig. 3 and fig. S1 ). Although our observations suggest that seabed fluid flow governs the biogeography of thermophilic spore formers, these passive dispersal mechanisms are unlikely to act only on these particular bacteria. Permeable conduits through sediments and ocean crust pass through several microbial niches with changing local temperature and geochemistry (22, 25, 26) . Widespread seeding of the oceans by geofluids from deep biosphere habitats may therefore contribute broadly to the high microbial diversity observed in the marine environment. 29 Metabolic pathways have traditionally been described in terms of biochemical reactions and metabolites. With the use of structural genomics and systems biology, we generated a three-dimensional reconstruction of the central metabolic network of the bacterium Thermotoga maritima. The network encompassed 478 proteins, of which 120 were determined by experiment and 358 were modeled. Structural analysis revealed that proteins forming the network are dominated by a small number (only 182) of basic shapes (folds) performing diverse but mostly related functions. Most of these folds are already present in the essential core (~30%) of the network, and its expansion by nonessential proteins is achieved with relatively few additional folds. Thus, integration of structural data with networks analysis generates insight into the function, mechanism, and evolution of biological networks.
T he advent of genome sequencing has enabled development of computational and experimental tools to investigate complete biological systems, but it has also highlighted the difficulty in integrating complex information for the hundreds to thousands of different molecules that compose even the smallest biological networks. Such integration presents many challenges, especially when assembling data from diverse fields, such as biochemistry and structural biology, that use different operational languages and conceptual frameworks. Biochemistry has traditionally focused on individual reactions and pathways, but recent advances in genomics have led to more rapid growth in the reconstruction and modeling of metabolic networks on a genomewide scale (1-3) . Thus, biochemical reactions, pathways, and networks can now be described in the context of entire cells, thereby enabling more realistic simulations of the behavior of metabolic networks in a growing number of organisms (4-7). Nevertheless, metabolism is still generally defined in terms of the chemical names and identity of substrates, products, and reactions. It does not explicitly consider the three-dimensional structures of its components, although such knowledge is required for a comprehensive understanding, not only of the individual reactions, but more importantly, of metabolic networks as a whole. Without such knowledge, we cannot rigorously define enzyme mechanisms or predict the effects of mutations or drugs; on the global level, we cannot understand the evolutionary relationships between different pathways, how new metabolic capabilities are acquired, and how individual organisms adapt to their particular ecological niches and respond to environmental pressures.
Such an understanding can be provided by structural biology, which has traditionally focused on individual proteins outside of their full, system-level, biological context. The emergence of large-scale structure genomics projects, such as the Protein Structure Initiative (8) , has provided an exciting new opportunity for structural biology to contribute on a scale similar to that of genomics.
Thermotoga maritima, one of the first discovered hyper-thermophilic bacteria (9), represents the deepest known lineage of eubacteria (9, 10) , has one of the smallest genomes for a free-living organism (11) , and has been the subject of extensive experimental analysis (12, 13) , making it an ideal model organism for systems biology and for integration of biochemical and structural approaches (14) .
We constructed a metabolic model of T. maritima by a bottom-up approach, which first identified all known biochemical reactions and substrates from almost 150 publications (table S3) , providing direct biochemical, genomic, and physiological evidence for more than 50% of the metabolic reactions. We then identified the remaining reactions from high confidence, homologybased annotation databases (15, 16) and from experimental or modeled protein structures (see below). We used flux balance analysis (17) to test the completeness of the network, revealing gaps, such as missing enzymes or redundant functional assignments, which were then resolved by manual curation for individual cases. We continued iterative evaluation of the network until its performance reproduced, in silico, the experimentally determined metabolic capabilities of T. maritima (tables S9 and S10) (18) .
Our resulting metabolic reconstruction included 478 metabolic genes, 503 unique metabolites, and 562 intracellular and 83 extracellular metabolic reactions (18) , and it reproduced T. maritima's ability to grow on diverse carbohydrates (table S9) and to produce known metabolic by-products; e.g., acetate and hydrogen. The overall scope, content, and quality of this metabolic reconstruction were comparable with state-ofthe-art reconstructions for other model organisms (table S6) . Although the current model does not yet provide an exhaustive description of T. maritima metabolism, it represents a major step in an iterative process of annotation and modeling of this organism.
The T. maritima metabolic reconstruction (mr) defines a specific set of proteins (mrTM) that carry out the biochemical functions that make up a self-sustaining, metabolic network. Of 478 proteins in this mrTM set, structures of 120 proteins have been determined experimentally (12) , and 358 were predicted and modeled with a variety of computational approaches (18) . The quality of the modeled structures spans the spectrum from those comparable to low-resolution, experimental structures (190 were built on templates with more than 30% identity to the targets) to very approximate (52 were based only on fold predictions). For three (TM1444, TM0788, and TM0540), the automated structure prediction approach failed, and approximate structures were modeled by combining several different fold prediction algorithms with manual refinement (18) . Quality control, as based on public benchmarks in modeling and fold recognition, suggests high confidence that all models are correct at the fold-assignment level (18) . Thus, these combined approaches allowed us to achieve complete structural coverage for the mrTM set (Fig. 1) .
The information from structural determination of T. maritima proteins and their homologs provided additional support for functional assignment of 181 individual genes. A total of 41 experimental structures of T. maritima proteins contained relevant metabolites, and 140 crystal structures (used as templates for homology modeling) were also determined as complexes with ligands, all of which support the functional assignment in the reconstruction. In at least two cases, TM0449 (19) (20) (21) (22) and TM1643 (23), structural analysis was critical for identification of enzymatic function and, in many other cases, substantially contributed to assignment of function.
Metabolic reconstruction not only can be described in a matrix format that can directly be used for metabolic simulations to predict essential genes or growth rates, it can also be represented as a graph. Because the reconstruction represents a fully functional, cell-level model of a metabolic network, analysis of the topology of this graph allows us to answer many interesting questions, especially when combined with knowledge of structures or models for all proteins in the network. For instance, what is the dominant mechanism for expansion of a metabolic network in a single organism? In the "patchwork" hypothesis (24), network expansion is driven by recruitment (25) , proteins evolve, after duplication, to perform dissimilar reactions within the same pathway or neighboring part of the network. Analysis of fold conservation as a function of network topology, therefore, addresses this key issue. Similar analyses have been performed previously on a small set of known pathways (26, 27) , but our integrated approach allowed us to analyze the complete set of pathways that form the fully functional, self-sustained metabolic network of a single organism.
We then established an automated protocol to classify metabolic reactions into three categories: (i) similar, (ii) connected, and (iii) unrelated (Fig. 2 and fig. S6 ). Enzymes that catalyze similar types of reactions have a sixfold higher probability of having the same fold than enzymes catalyzing connected reactions (Fig. 2C) , supporting the patchwork hypothesis (24) . However, it should be noted that proteins catalyzing connected reactions still have a higher chance of having the same fold as those catalyzing unrelated reactions, suggesting a role for gene duplication within pathways during pathway evolution (i.e., the retrograde model). More importantly, the patchwork hypothesis can account for only 11% of the observed structural similarity between mrTM proteins of similar function, indicating that convergent evolution of similar reaction mechanisms [i.e., nonhomologous gene displacement (28) , where two nonhomologous proteins perform the same or similar metabolic function] is not a rare event and substantially contributes to evolution of the central metabolic network.
Another interesting question is the distribution and frequency of protein folds in this mrTM set. The 478 proteins contain 714 domains, but only 182 distinct folds, which are significantly fewer than would be expected (~300) for an equivalent random set of proteins with known structures (fig.  S8 ). The surprisingly small number of folds arises from the fact that the most popular folds [e.g., the P-loop, triosephosphate isomerase (TIM) barrel, and Rossmann folds] are overrepresented as compared with their frequency in the general protein population (Fig. 3 ). Some relatively rare folds, abundant in the mrTM set, such as the biotin synthetase and the thiamin diphosphate binding folds, include groups of enzymes that perform specific but essential functions, such as tRNA aminoacylation or carbon metabolism.
The most obvious interpretation of this skewed fold distribution is that the mrTM set, which covers the most fundamental protein functions, consists of the most ancient and, thus, the most abundant protein families. To probe this interpretation further, we analyzed the fold distribution for the core of the T. maritima metabolic network, as represented by the set of essential proteins. We identified essential proteins by a reductive evolution simulation approach (18, 29) , where iterative simulations are performed to identify a minimal network by randomly eliminating genes from the model until additional elimination would result in a nonviable network. Each simulation led to a different minimal network, of size anywhere between 200 and 300 genes (i.e., corresponding to 42 to 63% of the mrTM set). Statistical analysis of 1000 such minimal networks in independent simulations in glucose minimal medium (18) allowed the classification of genes from the mrTM set into three categories: (I) core-or unconditional-essential genes that are always present, (II) nonessential genes that never appear, and (III) "synthetic lethal" or "conditional-essential" genes (30) that appear only in some simulations, but not in others, depending on which other genes are removed or retained in a particular network minimization. For example, if two genes have the same essential function, the deletion of either gene would not be lethal, but at least one gene has to be present in the minimal network. The frequency of such genes in multiple simulations reflects the topology of the network and the relative redundancy of gene functions in the network. It is important to emphasize that the coreessential genes would not be sufficient to maintain a viable metabolic network, as all of the many possible minimal networks contain constant (core-essential genes) and variable (subset Proteins in these three sets have very different fold distributions (Fig. 4) . The number of folds in the core-essential group is surprisingly large for its sample size (111 folds for 177 proteins) as compared with the nonessential group, which contains more proteins but a smaller number of folds (92 folds for 203 proteins). This trend is inverse to that observed when mrTM is compared with nonredundant sequences in the National Center for Biotechnology Information (NCBI) database (31) ( fig. S8 ), where the mrTM set was more abundant in popular folds. These analyses suggest that core-essential proteins perform unique chemical functions that are strongly associated with specific folds and are so fundamental that their deletion would result in a nonviable network. We have presented here the integration of a metabolic and structural view of the central metabolic network of the thermophilic bacterium T. maritima. Achieving a complete description on these two levels is an important milestone that now enables large-scale analyses, such as the network-scale comparison of correlations between fold conservation and biochemical function. From our study, not only can we provide a quantitative estimate of the dominance of the patchwork model (24) versus the retrograde model (25) of metabolic evolution, but we can also illustrate the importance of convergent or parallel evolution in proteins carrying out similar biochemical functions. Furthermore, we show that the set of proteins responsible for the central metabolism in T. maritima is highly nonrandom and dominated by a small number of folds that significantly exceed their already dominant distribution in the protein universe, suggesting that the central metabolism network has evolved mainly from a set of the most ancient proteins that have had sufficient time to develop divergent functionalities and, hence, expand into the very large and very diverse protein families that we observe today. At the same time, the subset of core-essential proteins reverses this trend and is relatively more diverse than an equivalent subset of nonessential proteins. This counterintuitive situation is attributable to the presence of some specific folds with functions that are so unique that it is impossible to replace them with other existing folds. Cumulative fold coverage of core-essential and nonessential protein sets (blue, core-essential; magenta, nonessential). The fold distribution in all three groups is different, although core-essential and nonessential sets have some weak similarity, more than either group compared with synthetic lethal sets.
here, either directly or that we used as modeling templates. The full list of these proteins is provided in the supporting online material. 
*
Insect wings are complex structures that deform dramatically in flight. We analyzed the aerodynamic consequences of wing deformation in locusts using a three-dimensional computational fluid dynamics simulation based on detailed wing kinematics. We validated the simulation against smoke visualizations and digital particle image velocimetry on real locusts. We then used the validated model to explore the effects of wing topography and deformation, first by removing camber while keeping the same time-varying twist distribution, and second by removing camber and spanwise twist. The full-fidelity model achieved greater power economy than the uncambered model, which performed better than the untwisted model, showing that the details of insect wing topography and deformation are important aerodynamically. Such details are likely to be important in engineering applications of flapping flight.
I nsects achieve remarkable flight performance with a diverse range of complex wing designs (1, 2). Computational fluid dynamics (CFD) offers an opportunity to identify the features underpinning the aerodynamic performance of insect wings. By comparing numerical simulations of different designs, it is possible to test the effects of modifications that may be outside the natural range of variation. Unfortunately, a lack of detailed measurements of insect wing kinematics has limited previous numerical studies of insect flight to two-dimensional (2D) models (3) (4) (5) (6) or to 3D models in which the wings are modeled as rigid flat plates (7) (8) (9) (10) (11) or as rigid sections with constant camber and twist (12) . Such simplifications can dramatically change the conclusions drawn about flow structure (13), and no model has yet been validated experimentally against flow visualizations from a real insect. We used the most detailed set of insect wing kinematics published to date (2) to develop the first 3D CFD model of an insect with deforming wings. We validated the results of our CFD simulations against qualitative and quantitative flow visualizations of real locusts. We then used progressive simplifications of the wing kinematics to analyze the aerodynamic consequences of the measured twist and camber.
We modeled a typical wingbeat of the desert locust Schistocerca gregaria (14) by averaging the kinematics of four consecutive wingbeats from one of the individuals described in (2) . These kinematics were obtained by using four high-speed digital video cameras to track more than 100 natural features and marked points on the wings, which were then used to reconstruct the deforming surface topography of the wings with a mean spatial error of 0.11 mm (15) . We fitted cubic splines to the wing outline and veins, and we interpolated these spatially to give the surface mesh for the CFD simulations, which we then interpolated temporally to give up to 800 time steps per wingbeat (14) . We gave the modeled wings a nominal constant thickness of 0.05 mm based on published cross-sections of the wing veins and membrane (16) . We did not attempt to model variations in thickness due to wing venation. Folding of the hindwing against the thorax could not be modeled exactly, and we instead modeled the hindwing as if it were joined to the thorax along its chord (14) .
We solved the unsteady incompressible Navier-Stokes equations assuming laminar flow using a commercial CFD package (14) . We constructed the CFD grid for the locust kinematics in multiple parts by using commercial software, and we incorporated the wing motions via a look-up table prescribing the kinematics (14) . The wings and body were meshed with a triangular surface grid and surrounded with a thin boundary-layer grid to provide adequate resolution of velocity gradients normal to the surface. These were then surrounded with stationary outer regions representing the wind tunnel, and a deforming inner region in which the wings and boundary layer grids moved. A symmetry plane running through the sagittal plane of the insect was used. Aerodynamic forces on the wings and body were calculated by integrating pressure and viscous shear stress over the surfaces. Starting transients in the calculated aerodynamic forces vanished rapidly within the first wingbeat, with very close agreement between wingbeats thereafter, so we allowed the simulation to run for four repeated wingbeats. Aerodynamic power requirements were calculated by integrating the inner product of the local pressure and viscous forces with the local wing surface velocity in a coordinate system fixed to the insect's body.
We validated our CFD method against an independent CFD algorithm (17) by using our method to replicate published force computations for a simple model of a flapping dragonfly wing in hover (11, 14) . The predicted instantaneous vertical force coefficients from the two algorithms were in excellent agreement, with a linear
